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URUGUAyAN coastal lagoon systems provide a set of multiple geomorphological elements as well as sedimentological, geochemical and biological indicators that are useful to reconstruct past environmental changes as well as the most recent anthropogenic impacts (Iriarte, 2006; del Puerto et al., 2011; Inda et al., 2016) . Most of these lentic systems, which developed after the Holocene marine transgression at around 5,500 cal. years BP (García-Rodríguez et al., 2001; Bracco et al., 2005a; Inda et al., 2006) , offer valuable paleolimnological records for reconstructing climatic and environmental changes that occurred in the region during the Holocene (Bracco et al., 2005b; del Puerto et al., 2006 del Puerto et al., , 2011 del Puerto et al., , 2013 García-Rodríguez et al., 2001 , 2002a , b, 2004a García-Rodríguez and Witkowski, 2003; Inda et al., 2006 Inda et al., , 2016 . A general overview of the Holocene climate variability and the associated geological processes along the Uruguayan coastal setting can be found in García-Rodríguez (2011) .
Previous paleolimnological reconstructions based on the analysis of opal phytolith and isotopic records from the Peña Lagoon (Fig. 1) highlighted the development of three climatic stages during the last 2,458 cal. years BP (del Puerto et al., 2013) . The first stage, spanning from 2,458 cal.
years BP until 700 AD, was characterized by prevailing temperate and humid conditions. The second stage, which lasted from 700 AD until 1,200 AD, was comparatively warmer and wetter, and was assigned to the Medieval Warm Period. This stage was not uniform and included a colder and drier pulse. The third climatic stage extends from 1,200 AD until the present, and presents a high variability, with three dry/cold phases reaching their maximums at 1,300, 1,600 and 1,900 AD, respectively, and matching with the Little Ice Age (Villalba, 1994; González-Rouco et al., 2003; Bracco et al., 2005a; Piovano et al., 2009; Córdoba et al., 2014) .
In this paper, we explored the biological and physical indicators of Holocene climatic variability from the paleolimnological record of the Peña lagoon. Multiproxy studies have since provided the means to identify sensitivities, strengths and weaknesses of different proxies related with the environmental forcing (Birks and Birks, 2006) . The analysis of both diatom assemblages and the facies analysis are included to strengthen previous environmental reconstructions mostly based on isotopes and the opal phytolith record (del Puerto et al., 2013) . Diatoms are microscopic algae abundant in almost all aquatic habitats. They are sensitive organisms that respond to environmental factors influencing some water variables (i.e., pH, salinity, water level fluctuations and trophic status) representing one of the biological indicators that have been widely used for paleoenvironmental reconstructions (Battarbee, 2000; Battarbee et al., 2002; Lamper and Sommer, 2007; Smol, 2008) .
Similarly, sedimentological features, such as grain size and magnetic susceptibility, may help to delineate depositional dynamics as well as clastic, biological and/or authigenic sediment sources (Sandgren and Snowball, 2002; Ver Straeten et al., 2011) . Moreover, the study of phytoliths assemblages enables the inferring of the paleovegetation in the local area reflecting climatic and environmental characteristics (Fredlund and Tieszen, 1994; Lu and Liu, 2003a, b) .
Although this proxy presents taphonomic problems, it does not always reflect the original plant communities precisely (Lu et al., 2006 
METHODS

Study site and climate setting
The Peña lagoon is a freshwater lagoon (34° 00' 13" S; 53° 33' 10'' W) located in a narrow sedimentary fringe called "La Angostura", situated between the Atlantic Ocean and the Negra Lagoon (Fig. 1) . The catchment and lagoon area are 0.5 km 2 and ca. 0.05 km 2 , respectively. The maximum water depth is of 1.8 m (del Puerto et al., 2013) . The lagoon is located in the Santa Teresa National Park, which has been drastically modified during the 20 th century. More information about the site setting and vegetation can be found in del Puerto et al. (2013) .
The Peña Lagoon is part of a group of small marginal water bodies located on the 10-20 m a.s.l. contour lines of the Uruguayan coast (Kruk et al., 2006) . The topography indicates that, in contrast to the major coastal lagoons, this aquatic system originated as the result of fluvial damming by the movement of sand dunes (Bracco et al., 2011a) .
The study region is located along the boundary between subtropical and temperate regions of Southeastern South
America (Cerveny, 1998) . The South American regional cli- tions imposed by a cold southeastern Pacific and a warm southwestern Atlantic (Garreaud et al., 2009 (Barreiro et al., 2002 (Barreiro et al., , 2005 . The wind and water mass regimes are controlled by the interaction between the tropical anticyclone of the South Atlantic and the migratory polar anticyclone (Fonzar, 1994) .
In the study area, the Atlantic influence causes moderate daily and annual thermal amplitude with high levels of relative humidity. The mean temperature is of 17°C and the mean historical total annual precipitation is of 1,200 mm (PROBIDES, 1999; IBERSIS, 2001 (Barreiro and Tippmann, 2008; Garreaud et al., 2009 ).
Core collection, sampling and previous analysis
Cores LP1 and LP2 (95 and 156 cm long, respectively) were taken in 2010 using a piston corer. Both cores were retrieved in close proximity and, thus, a composite core LP1-LP2 can be considered. A third core, LP3 (106 cm long), was collected in 2014 with the same methodology used in 2010.
The sampling sites of the cores are shown in Figure 1 . The opening procedure, the dating, the geochemistry, and the organic matter and isotopes analysis for the cores LP1-LP2 
Diatom analysis
The samples used for diatom analyses (n=39) were pre- 
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species by the total number of valves counted on each slide.
The diatoms were identified to the species level using the appropriate keys (Frenguelli, 1941 (Frenguelli, , 1945 Krammer and Lange-Bertalot, 1986 , 1988 , 1991a Round et al., 1990; Metzeltin and García-Rodríguez, 2003; Metzeltin et al., 2005 ; ANSP Algae Image Database). The ecological information on diatom taxa preferences (i.e., trophic status, moisture and salinity) was extracted from Round et al. (1990) , Denys (1991) , Van Dam et al. (1994) , Rühland et al. (2003) , Hassan (2010) and Solak et al. (2012) .
The vertical distribution of the most abundant diatoms (i.e., those species with relative abundance higher than 3%
in at least three intervals) was plotted against core depth using the C2 software (Juggins, 2005) . The diatom zones were determined using a constrained cluster analysis (CONISS) by utilizing the Tilia v. 2.0.2 software (Grimm, 2004) .
Geochemistry
The isotopic composition of organic matter (δ 13 C), as well as C/N ratios, were used to infer the sedimentary organic matter source/composition in the Peña Lagoon. Data were taken from del Puerto et al. (2013) . The stable carbon isotope composition (δ 13 C) and the ratio Carbon-Nitrogen (C/N) can be utilized to assess the origin and composition of sedimentary organic matter (Lamb et al., 2006) .
RESULTS
Sedimentology and geochemistry
With the aim of establishing a stratigraphic correlation between cores LP3 and the composite core LP1-LP2, we compared magnetic susceptibility values throughout core LP3 with the grain size variations of core LP1-LP2. Since the high MS values observed in core LP3 match with coarser sediments in LP1 and LP2 (Fig. 2) , both variables were simultaneously used as stratigraphic markers for core correlation. The core LP3 showed a uniform pattern of magnetic susceptibility (average 4.7 SI) that was interrupted by dis- Those species with a relative abundance lower than 3%
were excluded from the statistical analysis as they are considered rare species (Whiting and Mc Intire, 1985, in Hassan et al., 2006) . Therefore, a set of 26 representative co-dominant species with a relative abundance ≥ 3% in at least two intervals are presented in Figure 5 .
Cluster analyses allowed us to identify five DAZ (Fig. 5) . there was an increase in epiphytic species (Fig. 5 ).
In DAZ 2 (122-70 cm), the benthic brackish/fresh water species Staurosira construens showed a relative abundance of 40% while Aulacoseira ambigua exhibited a relative abundance of 27%. In addition, lower frequencies of Cyclotella meneghiniana, Frankophila similioides, Achnanthidium exiguum,
Fragilaria brevistriata, Epithemia adnata, Cocconeis placentula,
and Rhopalodia gibba were observed. The relative abundance of benthic taxa increased to a mean value of 66.5% while the planktonic species Aulacoseira granulata decreased sharply (Fig. 5 ).
In DAZ 3 (70-50 cm), the relative abundance of planktonic taxa increased, herein reaching the highest value (62%) of the entire core, dominated by Aulacoseira ambigua (43%)
and Aulacoseira granulata (25%). The benthic taxa decreased to 26%, and low proportions of Staurosira construens, Epithemia adnata, Rhopalodia gibba, Eunotia spp., and Encyonema minutum were observed throughout this zone (Fig. 5) .
In DAZ 4 (50-14 cm), planktonic and benthic taxa reached 43% and 33%, respectively. Meyers (1994) and Lamb et al. (2006) . bigua was higher than that of the upper section of the zone, while Aulacoseira granulata displayed lower values in the basal section of the zone (Fig. 5) .
In DAZ 5 (14-2 cm), diatom assemblages were dominated by Eunotia spp. and Aulacoseira granulata, but Staurosira construens displayed a decreasing upward trend.
Aulacoseira ambigua showed the lowest abundances of the core. In the subsurface sediments of this zone, the occurrence of Nitzschia frustulum, Nitzschia ampliatum, Pinnularia gibba, Staurosirella pinnata, and Tabularia fasciculata was observed (Fig. 5) .
DISCUSSION
The combined analysis of geochemical, sedimentological proxy-data (Figs. 2, 4 ) and diatom assemblages ( According to Meyers (1994) , the δ 13 C and C/N ratio values allowed us to infer a mixed source of sedimentary organic matter with signals of freshwater microalgae and C3 terrestrial plants in the lithological unit IV (Fig. 4) , in which an environment with important proliferation of grasses and phytoplankton/microphytobenthos was inferred by del Puerto et al. (2013) . Similar environmental conditions in the source of sedimentary organic matter were observed in LU III and LU I, based on δ 13 C and C/N ratio values (Fig. 4) . However, in LU II, both the isotopic and the C/N values indicate that the organic matter completely derived from the C3 terrestrial plants (Fig. 4) . Therefore, the changes in the isotopic composition of OM and C/N ratios allowed us to reliably infer past changes in the organic matter composition in which signals of freshwater microalgae and continental C3 plants were the most important sources.
The variability in diatom assemblages (DAZ 1-5) combined with physical and chemical proxies indicate four main stages during the past 2,458 14 C years BP in the Peña Lagoon, as depicted in Figure 6 .
Stage 1
This stage is recorded from 122 to 156 cm (i.e., DAZ 1).
The age of the basal sediments is unknown but the interval Benthic taxa characteristic of moist or temporarily dry sediments (Denys, 1991; Van Dam et al., 1994) accounted for 55% of the diatom abundance from which 19.5% consisted of epiphytic taxa, thus indicating the presence of aquatic plants associated with a shallow system with a well-developed littoral zone. Li et al. (2015) inferred similar conditions based on high abundances of epiphytic taxa (i.e.,
Epithemia adnata, Cocconeis placentula) in south-western
China. In addition, a meso-eutrophic brackish system (e.g., Denys, 1991; Van Dam et al., 1994 ) with significant water turbulence and associated turbidity can be inferred from the occurrence of the planktonic species Aulacoseira granulata and Aulacoseira ambigua in the basal section of the core (150-156 cm). Moreover, A. granulata is considered a thermophilic diatom linked with water temperatures higher than 15°C (Rioual et al., 2007) . These taxa have been reported in modern Pampean lake sediments from Argentina, in temperatures ranging from 7 up to 25°C (Hassan, 2015) .
The decreasing upward trend in the abundance of both planktonic species, together with the occurrence of Hantzschia amphioxys, Nitzschia brevissima, Frustulia sp., and Luticola goeppertiana in DAZ 1, suggest a reduction in the water column productivity of the system as well as higher salinity (0.9-1.8‰, Denys, 1991; Van Dam et al., 1994) , cooler conditions and a decrease in water turbidity, possibly as a result of a reduction in windy conditions. The fine grain size fraction of the sediments above 140 cm of depth indicates a lower runoff from the catchment.
These results are consistent with previous reconstructions which analyzed the phytolith record of the Negra lagoon, where a warm/wet period was also identified between 1,980±40 14 C years BP and 930±45 14 C years BP although an intermediate drier/colder episode had been proposed (Bracco et al., 2005a (Bracco et al., , b, 2011b del Puerto, 2009 ). Furthermore, paleolimnological studies in the southern Pampa plains of Argentina suggested that it is fairly acceptable to assume that, during the middle-late Holocene, the ratio of evaporation to precipitation was higher, thus leading to salinization, low water levels and the possible desiccation of lakes (Stutz et al., 2012) . In the northern region of the Pampa plain, a paleolimnological record indicates brackish to saline conditions with pulses of short-periodic freshwater conditions for 4,840-1,200 cal. years BP (Stutz et al., 2012) , as well as dry conditions during most of the Holocene .
Stage 2
This stage is recorded by sandy mud sediments entirely matching DAZ 2 (122-70 cm), which was dominated by the benthic species Staurosira construens with pulses of increased abundance of Aulacoseira ambigua (Fig. 5) . The age of the section is ca. 1,415 cal. years BP (117 cm) while its top corresponds to 390 cal. years BP (73 cm).
The high abundances of the fragilarioid species Staurosira construens (Stoermer, 1993 in Fey et al., 2009 Such conditions persisted until the early 1970s, after which extreme pulses of positive water balances were inferred (Villalba, 1994; Piovano et al., 2004 Piovano et al., , 2009 Córdoba et al., 2014) .
Stage 3 (after 390 cal. years BP)
This stage matches entirely with DAZ 3 (50-70 cm), in which a clear increase in the abundance of planktonic freshwater species Aulacoseira granulata and A. ambigua, together with higher C/N ratios, suggest an autochthonous contribution to the bulk organic matter (Fig. 4) with a diminished external input, which is also supported by the finer grain sediment size. Both planktonic species are considered eutrophic freshwater taxa. High abundances of these taxa were observed during increasing eutrophic conditions in the Baltic Sea (Andrén et al., 1999) and in the Bothnian sea (Andrén et al., 2017) . In the Southern argentinean pampas, A. granulata was the dominant species under high nutrient loading and turbid conditions in the lake Lonkoy, associated with higher water levels and low salinities (Hassan, 2013 (Bicudo et al., 2016) during stage 3 when compared with stage 2.
The presence of sandy muds (part of LU II) and C3 terrestrial plant sources of sedimentary organic matter (Fig. 4) in addition to the presence of the genus Aulacoseira indicate fairly windy conditions during this stage. Aulacoseira has been used in many geographical regions as a proxy for strong wind stress, turbulent water and nutrient upwelling conditions (Wang et al., 2008) . Furthermore, del Puerto et al. 
FINAL REMARKS
The diatom assemblages, the organic matter composition and the sedimentological proxies allowed us to recognize four main environmental stages for the last 2,458 cal. 
